


























































such	as	neural	 cell	 adhesion	molecule	 (NCAM),	p75	neurotrophin	 receptor	and	glial	 fibrillary	acidic	protein	 (GFAP)	 (Chen	et	al.,	 2007;	 Jessen	and	Mirsky,	2008).	On	 the	 other	hand,	 a	 set	 of	 trophic	 factors	 inactive	 in	normal	 or









Contrarily	 to	 the	 PNS,	 after	 a	 CNS	 lesion,	 the	 spinal	 cord	 has	 a	 very	 limited	 capability	 to	 restore	 its	 connectivity.	 This	 poor	 ability	 is	 due	 both	 to	 a	 sequence	 of	 anatomical	 changes	 (including	 neuron	 cell	 death,
neuroinflammatory	reaction,	glial	scar	formation	and	myelin	inhibitory	proteins)	that	create	a	growth	inhibitory	environment,	and	to	the	adult	physiological	inactivation	of	the	growth	program	by	oligodendrocytes	(OLs)	(Kwon	et	al.,
2004).	The	time	course	of	the	post	injury	modifications	is	characterized	by	an	initial	phase	(0–2	h)	of	neuronal	and	glial	death	associated	with	hemorrhage	and	ischemia	both	rostrally	and	caudally	to	the	lesion,	followed	by	an	acute
phase	 (2h-2	weeks)	 that	 consists	 of	 an	 intense	 inflammation	process	 (microglia,	 astrocyte,	neutrophil	 and	T	 cell	 recruitment)	 resulting	 in	 the	glial	 scar	 formation,	neurotoxicity	 and	 further	 cell	 death	and	demyelination.	Then	an
intermediate	phase	characterized	by	glial	scar	maturation	and	inefficient	attempts	of	axon	sprouting	occurs	(2	weeks-6	months).	In	the	last	chronic	phase	(>	6	months)	the	 lesion	stabilizes:	glial	scar	continuously	 forms,	Wallerian
degeneration	occurs	and	axon	fragmentation	leads	to	final	deficits	and	symptoms.



















inflammation	molecular	mediators	 (as	TNF-α)	are	generally	described	to	have	a	dual	role,	neurotoxic	or	neuroprotective	 (Kim	et	al.,	2001;	Lavine	et	al.,	1998).	A	similar	 role	 is	attributed	 to	microglia	 that	after	an	 injury	become

































also	 targets	 nuclear	 factor	 1	B	 preventing	 OL	 fate	 acquisition	 by	 neural	 precursors	 (Rolando	 et	 al.,	 2016).	 Not	 only	 Drosha	 but	 also	 DGCR8	 directly	 affects	 corticogenesis,	 as	 its	 deletion	 pushes	 a	 premature	 neural	 precursor
differentiation	and	an	increased	number	of	T-box	brain	1	positive	neurons	(Marinaro	et	al.,	2017).
Both	pri-	and	pre-miRNAs	can	be	modified	by	RNA-editing,	which	entails	important	functional	implications	related	to	maturation	and	target	specificity	(Blow	et	al.,	2006;	Kawahara	et	al.,	2008;	Yang	et	al.,	2006).	The	adenosine
deaminases	 are	 responsible	 for	 this	 process	 converting	 the	adenosine	of	 the	miRNA	stem	 region	 into	 inosine	 (Yang	et	al.,	2006).	Moreover	 some	additional	 proteins	 control	 both	pri-	 and	pre-miRNA	processing:	KH-type	 splicing
regulatory	proteins	and	LIN28	interact	with	the	terminal	loop	of	pri-	and	pre-miRNAs	facilitating	and	inhibiting	respectively	DROSHA	and	Dicer	activity	(Trabucchi	et	al.,	2009;	Viswanathan	et	al.,	2008)	Then	the	enzyme	exportin	5
translocates	the	generated	pre-miRNA	from	the	nucleus	to	the	cytoplasm,	where	the	second	step	occurs	(Kim,	2004).	Here,	the	endonuclease	Dicer,	in	association	with	trans-activation	response	RNA-binding	protein	(TRBP),	removes





















































the	 activity	 of	 GRB2-associated-binding	 protein	 2,	 miR-125b	 activates	 STAT3	 and	 its	 PI3K-AKT	 signaling	 cascade,	 known	 to	 control	 axon	 growth	 (Le	 et	 al.,	 2009)	 (Fig.	 2).	 Acting	 on	 the	 same	 pathway,	 miR-124	 is	 significantly































that	 regulates	neurogenesis	maintaining	neural	 stem	cells	 (NSCs)	 in	 an	undifferentiated	proliferative	 state	 (Roy	et	al.,	 2004;	Shi	 et	 al.,	 2004).	 Indeed	miR-9	negatively	 regulates	NSC	and	 retinal	 progenitor	 cell	 proliferation	and

































goal.	For	example,	miR-222	has	been	 studied	both	 in	vitro	 (PC12	cell	 line)	 and	 in	vivo	 (laryngeal	 nerve	 injury	 in	 rabbit):	when	activated	by	BDNF	administration,	miR-222	acts	 as	 a	promoter	 of	mTOR	upregulation	 (probably	by
inhibiting	PTEN,	dotted	line	in	Fig.	2),	significantly	 inducing	neurite	outgrowth,	 increasing	the	number	of	regenerating	fibers,	decreasing	fibrous	connective	tissue	and	restoring	nerve	conduction	velocity.	Similarly,	when	SCI	rats
undergo	cycling	exercise	to	stimulate	neuron	regenerative	potential,	the	expression	of	miR-199-3p	is	reduced	and	mTOR	expression	results	increased:	the	raised	regenerative	neuronal	potential	observed	should	be	attributed	to	the
synergistic	effects	of	miR-199-3p	and	miR-21,	 that	are	 responsible	 for	PTEN	mRNA	decrease	 (Liu	et	al.,	2012;	Xie	et	al.,	2015).	Moreover	also	miR-124	 indirectly	 targets	AKT	 through	 the	 repression	of	 rho-associated	coiled-coil-
containing	protein	kinase	1	(ROCK1),	a	protein	serine/threonine	kinase	and	the	major	downstream	effector	of	RhoA	GTPase.	Gu	et	al.	determined	that	the	PI3	K/AKT	signalling	acts	downstream	ROCK1	whose	repression	by	miR-124	can
activate	AKT.	The	activated	AKT	is	then	able	to	induce	neurite	outgrowth	and	elongation	during	neural	development	of	neuroblastoma	cell	line	[BE	(2)	M17]	and	mouse	P19	cells	(Gu	et	al.,	2014).












Martos	 et	 al.,	 2011).	 As	 illustrated	 in	 Fig.	 2,	GSK-3β	 could	 be	 the	 converging	 point	 of	 two	molecular	 cascades	 (PI3K-AKT-	 GSK-3β/APC	 and	wnt-β-catenin-GSK-3β)	 that	 probably	 reach	 the	 same	 effect,	 i.e.	 the	 reorganization	 of
microtubules.	Moreover	 as	 reported	 in	 subsection	 4,	miR-9	 and	 TLX	 are	 involved	 in	 a	 feedback	 regulatory	 loop	 that	 control	 neurogenesis:	 also	 GSK-3β	 downregulates	 TLX	 together	 with	 high	 IL-1β	 upregulation	 thus	 inhibiting
hippocampal	neurogenesis.	Indeed	both	GSK-3β,	TLX	and	IL-1β	are	dysregulated	in	neurodegenerative	and	psychiatric	disorders	suggesting	that	a	complex	interaction	among	all	these	factors	could	result	in	a	complete	regulation	of
neurogenesis	and	axon	growth	(Green	and	Nolan,	2012).














allowing	 actin	 polymerization	 and	 axon	 growth	 (the	 pathway	 is	 briefly	 illustrated	 in	 Fig.	 3).	 Considering	 the	miR-9	 effect	 on	 primary	 cortical	 neurons	 through	MAP1B	 silencing,	we	 can	 suppose	 that	miR-9	 suppresses	 the	 axon
elongation	process	acting	on	this	pathway.	Moreover	one	of	its	first	elements	(Rac1	GTP,	the	activated	form	of	Rac1)	is	a	“crossroad”	directed	to	different	molecules	and	signal	cascades,	and	possibly	regulated	by	several	miRNAs,	like
miR-9,	miR-124	and	miR-132	(Fig.	3).	Indeed	the	last	one	(whose	expression	is	highly	induced	by	neurotrophins	and	CREB)	promotes	neurite	outgrowth	by	p250GAP,	a	Rho	family	GTPase-activating	protein,	inhibition	during	cortical










lesion,	but	 its	 inhibition	blocks	 the	 regeneration	process	 increasing	RhoA	protein	 level,	 thus	 likely	 activating	 the	growth	cone	 collapse	 (Fig.	3,	 brown	dotted	 lines).	 Indeed	 the	 injured	adult	 zebrafish,	 following	miR-133	 inhibitor
administration,	showed	a	reduced	locomotor	recovery	and	a	low	number	of	neurons	with	regenerating	axons	(Yu	et	al.,	2011b).	Its	beneficial	effect	has	been	recently	demonstrated	also	in	mammals	by	the	lentiviral	injection	of	miR-









































maintenance	of	progenitor	expansion	 (De	Pietri	Tonelli	et	al.,	2008).	Also	 the	 conditional	 deletion	of	DGCR8	 in	post-mitotic	neurons	 (hippocampus	and	cortex)	partially	 causes	brain	weight	 reduction,	microcephaly	 and	apoptosis
(Babiarz	et	al.,	2011;	Shiohama	et	al.,	2003).	Moreover	the	AGO1-4	ES	cell	line	deficiency	undergoes	a	deficit	in	miRNA-mediated	translation	repression	and	apoptosis	as	a	result	of	Bim	upregulation	(Su	et	al.,	2009).


















anatagomir-21	results	 in	 increased	FAS-L	and	PTEN	 level,	both	apoptotic	promoters	 through	Fas	cell	 surface	death	receptor	−associated	protein	with	Death	Domain-CASPASE	8	 (Fas-FADD-CASPASE	8)	and	AKT	cascade	 (Fig.	 5).














Myelination	 is	a	 finely-tuned	process	essential	 for	both	 the	normal	development	of	CNS/PNS	and	repear	after	an	 injury:	 indeed	some	of	 the	mechanisms	described	during	development	 (see	below)	can	be	recapitulated	 in










































































miR-219 OPC	primary	culture ✓ X PDGFRα,	Sox6,	Hes5,	ZFP238,
FoxJ3,	NeuroD1,	Isl1,	Otx2
X OL	differentiation X DOWN	Biomarker
for	SCI	severity
X X


































✓ X AKT	signal X control	of	OL	number X UP	undetermined X axon	growth	(Fig.	2)
miR-132 SC	primary	culture ✓ ✓ X PRKAG3 X undetermined X UP	SC	migration X
miR-182 SC	primary	culture ✓ ✓ X FGF9,
neurotrimin
X undetermined X UP	Inhibition	of	SC
migration
X











miR-221 SC	primary	culture ✓ ✓ undetermined LASS2 undetermined undetermined UP	undetermined UP	SC	proliferation	and
migration
X








their	 inefficient	uptake,	stability	and	regulation	of	expression.	miRNA	overexpression	may	elucidate	the	effect	of	 the	 inhibition	of	a	specific	protein	or	overcome	a	miRNA	downregulation.	 It	 is	obtained	by	administrating	plasmids
containing	a	specific	miRNA	gene	or	artificial	miRNA	mimics	delivered	by	viral	or	not	viral	vectors.	miRNA	mimics	are	synthetized	as	double-stranded	RNA	oligonucleotides	with	different	types	of	chemical	modification	that	make	them





























The	specificity	 in	 infecting	dividing	cells	makes	retroviruses	useful	 to	study	the	role	of	a	specific	miRNA	during	neurogenesis.	This	 is	 the	case	of	miR-137,	whose	overexpression	by	retroviruses	 in	dentate	gyrus	postnatal
neurons	allowed	to	define	the	miRNA	roles	in	the	inhibition	of	dendritic	morphogenesis,	maturation	and	spine	development	both	in	cultured	neurons	and	in	vivo	(Smrt	et	al.,	2010).	Nowadays	several	clinical	trials	using	AAVs,	rAAVs	and



















entire	 family	 of	miRNAs.	Moreover,	 sponges	with	 the	RNA	polymerase	 II	 as	promoter	 linked	 to	 a	 fluorescent	 reporter	have	been	constructed	 in	 order	 to	detect	 and	quantify	 sponge-treated	 cells.	The	potential	 of	 this	 strategy	 is
demonstrated	by	its	application	in	several	cell	culture	and	in	vivo	experiments.	As	an	example,	the	plasmid	GFP	sponges	for	miR-9	family	have	been	electroporated	in	mouse	embryonic	stem	cells	in	vitro	to	generate	a	GFP-miR-9-sponge
mouse	line,	allowing	the	conditional	inactivation	of	the	entire	miRNA	family	in	a	spatiotemporal-controlled	way:	thus	showing	that	miR-9	family	is	essential	in	the	control	of	dendritic	growth	during	development	(Giusti	et	al.,	2014).	Even


























SCI	 is	 a	 complex	 sequence	 of	 events	 that	 interact	 among	 each	 other	 producing	 the	 devastating	 conditions	 that	 affect	 millions	 of	 people:	 indeed,	 after	 a	 trauma,	 several	 biological	 processes	 (e.g.,	 axonal
degeneration/regeneration,	inflammation,	cell	death,	myelin	loss),	apparently	independent,	are	actually	intertwined.	In	this	scenario,	miRNAs	work	as	a	perfectly	coordinated	network	in	which	every	element	is	just	a	part	of	the	whole.
Here	 the	complexity	of	 the	 system	has	been	 illustrated	 in	 some	molecular	pathways	 (Figs.	2–5),	where	every	 single	miRNA	can	act	 on	different	mRNAs	as	well	 as	 a	 single	molecule	 can	be	 targeted	by	 several	miRNAs.	As	 inner
regulatory	system,	miRNAs	achieve	a	precise	control	of	different	nervous	processes	coordinating	their	actions	to	orchestrate	a	complex	gene	expression	network.	Such	a	complicated	overview	of	the	miRNA	system	comes	from	the
demonstration	that	the	repression	exerted	by	one	single	miRNA	is	not	sufficient	to	influence	an	entire	biological	pathway,	as	already	showed	in	neocortical	development	studies	(Baek	et	al.,	2008;	Barca-Mayo	and	De	Pietri	Tonelli,






















(Wang	et	al.,	2016a).	Due	to	the	still	 little	number	of	miRNA	synergy	examples	 in	the	nervous	system,	we	cite	some	references	coming	from	other	domains,	where	the	concept	of	“synergy”	has	already	emerged.	For	example,	 the
treatment	of	non-small	cell	lung	cancer	with	the	combination	of	let-7b	and	miR-34a	overcomes	the	anti-proliferative	effect	obtained	by	individual	miRNA	administration	(Stahlhut	and	Slack,	2015).	Similarly,	only	the	combination	of	miR-
499	and	miR133	is	able	to	significantly	increase	the	expression	of	two	cardiac	specific	genes,	revealing	their	synergistic	effect	on	cardiac	differentiation	in	vitro	(Pisano	et	al.,	2015).	Even	if	combinatorial	approaches	are	now	emerging
as	new	way	to	study	miRNA	function,	the	full	description	of	miRNA	networks	remains	a	big	challenge.	The	reason	for	this	complexity	derives	both	from	the	miRNA	redundant	structure	and	from	our	lack	of	knowledge:	indeed,	although
about	2000	mature	miRNAs	have	been	sequenced	in	humans,	we	are	probably	still	far	from	the	total	number.	Every	year	new	miRNAs	are	annotated	in	the	main	database	(miRBase),	some	associated	with	validated	targets,	some	just
connected	with	predicted	targets	and	some	completely	unknown.	The	synergistic	strategy	adopted	by	miRNA	is	also	an	important	concept	for	several	diseases,	as	they	generally	involve	several	different	miRNAs	rather	than	one.	Indeed
computational	studies	demonstrated	that	miRNAs	in	complex	diseases	cooperate	and	act	on	genes	with	similar	functions,	thus	exploiting	a	synergism	in	function	even	more	significant	than	in	normal	cases	(Na	and	Kim,	2013;	Xu	et	al.,
2011).	In	this	sense	the	manipulation	of	one	single	miRNA	cannot	be	the	most	effective	therapeutic	strategy	for	SCI	or	CNS/PNS	pathologies,	but	nevertheless	allows	researchers	to	better	understand	miRNA	mechanisms	of	action	and
add	new	elements	to	the	miRNA	complex	networks.	In	conclusion,	a	global	view	is	necessary	to	understand	the	complexity	of	a	system	in	which	every	single	miRNA	operates	only	in	convergence	with	other	members.	This	is	still	a	new
and	underestimated	concept,	but	fundamental	to	understand	how	miRNAs	achieve	such	a	precise	coordinated	regulation.
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